Rickettsia rickettsii, the causative agent of Rocky Mountain spotted fever, is found throughout the Americas, where it is associated with different animal reservoirs and tick vectors. No molecular typing system currently exists to allow for the robust differentiation of isolates of R. rickettsii. Analysis of eight completed genome sequences of rickettsial species revealed a high degree of sequence conservation within the coding regions of chromosomes in the genus. Intergenic regions between coding sequences should be under less selective pressure to maintain this conservation and thus should exhibit greater nucleotide polymorphisms. Utilizing these polymorphisms, we developed a molecular typing system that allows for the genetic differentiation of isolates of R. rickettsii. This typing system was applied to a collection of 38 different isolates collected from humans, animals, and tick vectors from different geographic locations. Serotypes 364D, from Dermacentor occidentalis ticks, and Hlp, from Haemaphysalis leporispalustris ticks, appear to be distinct genotypes that may not belong to the species R. rickettsii. We were also able to differentiate 36 historical isolates of R. rickettsii into three different phylogenetic clades containing seven different genotypes. This differentiation correlated well, but not perfectly, with the geographic origin and likely tick vectors associated with the isolates. The few apparent typing discrepancies found suggest that the molecular ecology of R. rickettsii needs more investigation.
In the late 1800s, reports first described a fatal febrile illness affecting settlers in the Bitterroot Valley of western Montana. Howard Taylor Ricketts showed 100 years ago that this disease, Rocky Mountain spotted fever (RMSF), was caused by a bacterium later named in his honor (41, 47) . Despite the localized geographic association of its name, RMSF is found throughout the continental United States as well as in Central and South America (12, 13, 39, 42, 43) . RMSF is the most commonly fatal tick-borne bacterial disease reported in the world, with the fatality rate for untreated cases approaching 20% (12, 13, 30) . Common clinical features include fever, chills, headache, malaise, myalgia, and rash. Early diagnosis and antibiotic therapy are critical to avoid severe disease and to decrease the chance of a fatal outcome, with doxycycline being the drug of choice for treatment of RMSF (11, 12, 25) .
The etiological agent of RMSF is the obligately intracellular bacterium Rickettsia rickettsii. The life cycle of this bacterium involves both vertebrate and invertebrate hosts, with hard (ixodid) ticks serving as the vector and both the ticks and their mammalian hosts serving as reservoirs to maintain the bacterium in nature (7) . In the United States, RMSF is spread primarily by two different tick vectors, Dermacentor variabilis in the eastern and midwestern part of the country (5, 44) and Dermacentor andersoni in the northwestern part of the country (34, 35) . The brown dog tick, Rhipicephalus sanguineus, was recently confirmed to be a competent vector for R. rickettsii (9, 10, 14) , while the rabbit tick, Haemaphysalis leporispalustris, has been implicated as a vector for low-virulence strains of R.
rickettsii (2, 3, 32, 35) known as serotype Hlp. In California, a limited number of spotted fever isolates of serotype 364D that are closely related to R. rickettsii have also been recovered from Dermacentor occidentalis ticks (27, 35) . However, formal identification of the Hlp and 364D serotypes as R. rickettsii has not been completed. Dermacentor ticks are not found in Central and South America (19) ; in these regions, Amblyomma cajennense and Amblyomma aureolatum have been implicated in the transmission of RMSF (23, 37, 42) .
A number of phenotypic and genetic differences have been observed previously among isolates of R. rickettsii. During his early work on the virulence of R. rickettsii, Price classified isolates recovered from D. andersoni ticks collected in Montana into four categories (R, S, T, and U) based on the different degrees of pathology observed in a guinea pig model of infection (38) . An in vitro endothelial cell system for differentiating virulence properties of R. rickettsii has also been described (17) . Anacker and colleagues also reported differences in the virulence of R. rickettsii isolates in the guinea pig model, grouping their isolates into three categories: isolates with highest virulence, lesser virulence, and lowest virulence (2, 3) . They also observed differences in the one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis mobilities of proteins recovered from whole-cell lysates of different isolates, but these differences allowed only for the differentiation of isolate Hlp (3). Philip et al. demonstrated antigenic differences between putative R. rickettsii isolates 364D and Hlp#2, but not other isolates, through the use of microimmunofluorescence with mouse immune sera (35) . By AluI PCR-restriction fragment length polymorphism (PCR-RFLP) analysis of almost identical nucleotide regions of rompA, Regnery et al. (40) (nucleotides 70 to 602) and Eremeeva et al. (18) (nucleotides 70 to 701) were able to differentiate Hlp#2 from a combined In the public health setting, molecular typing of infectious agents is important for tracing their origin and spread in outbreak investigations, the detection of disseminated antibioticresistant strains in managed care facilities, the identification of hypervirulent strains, and monitoring failures in live vaccination programs (29) . Molecular typing also allows for the study of bacterial population dynamics and may provide an improved understanding of the ecological niches occupied by specific pathogen types in the environment (24, 45) . Molecular typing schemes based on the sequencing of intergenic regions (IGRs) have been developed for Rickettsia conorii and Rickettsia prowazekii (21, 49) , and genetic typing of R. rickettsii based on variable-number-tandem-repeat loci was described recently (15, 18a, 48) . In this work, we present an IGR typing scheme for R. rickettsii based on nucleotide polymorphisms found within six sites. This typing method was applied to a collection of 38 R. rickettsii isolates from human RMSF patients, animals, and ticks from different geographic locations.
MATERIALS AND METHODS
R. rickettsii isolates and DNA preparation. R. rickettsii isolates (Table 1) were cultivated in Vero cells (strain C1008; green monkey kidney cells) as described elsewhere (17) . DNAs for isolates Brazil-A, 84JG, Hlp#2-A, Bitterroot, Colombia, Lost Horse Canyon, Morgan, PriceT, and Sheila Smith were prepared by phenol-chloroform extraction from partially purified R. rickettsii cells as described previously (16) . DNAs for the remaining isolates were isolated from infected cell cultures by using a QIAamp DNA Mini kit from QIAGEN (Valencia, CA). DNAs were eluted with AE buffer (QIAGEN) and stored at 4°C prior to analysis. Hlp#2-A and Hlp#2-B refer to two samples of isolate Hlp#2 with unique passage histories maintained by two different laboratories. Since the nucleotide sequences of Hlp#2-A and Hlp#2-B are identical for all loci tested, they are referred to jointly as isolate Hlp#2 for the remaining of this communication. Likewise, Brazil-A and Brazil-B are samples of isolate Brazil with differing passage histories. These samples are also identical and thus are referred to singularly as isolate Brazil. All 38 isolates had rOmpA 70p-602n gene fragments (15, 18, 40) compatible with their typing as R. rickettsii, although the nucleotide sequences of the Hlp#2 and 364D fragments each differ by three bases from the Sheila Smith sequence.
PCR primer design. An automated preliminary annotation of the genomic sequence of R. rickettsii strain Sheila Smith (GenBank accession number AADJ00000000) was used to identify suitable IGRs. IGRs of 200 to 500 nucleotides were chosen for further studies, and the nucleotide sequences were compared to the homologous sequences of seven rickettsial species, including Rickettsia akari strain CWPP-Hartford, Rickettsia canadensis strain McKiel (1) . IGRs which showed nucleotide polymorphisms between the eight species of Rickettsia were then analyzed to assess if PCR primers could be designed to yield an amplicon that spanned the polymorphic region of the IGR and was between 200 and 500 base pairs in length (Table 2) . PCR amplification and sequencing. PCR amplification was carried out in 30-l reaction mixes, using Taq PCR master mix kits from QIAGEN (Valencia, CA) according to the manufacturer's directions. Each reaction mix contained 2 l of diluted template DNA and 20 picomoles of each primer. After a 5-min denaturation at 95°C, each reaction underwent 35 cycles of a 30-second denaturation at 95°C, a 30-second annealing incubation, and a 1-min extension at 68°C. This was followed by a final 10-min extension at 72°C. The PCR products were purified using a Wizard SV gel and PCR clean-up system (Promega, Madison, WI). One microliter of purified PCR product was sequenced using a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions, using an ABI 3100 genetic analyzer (Applied Biosystems). Each PCR amplicon was sequenced in both directions.
DNA sequence manipulation and analysis. Sequencing reads were assembled using the SeqMerge program of the GCG software package (Accelrys, San Diego, CA). ClustalW alignments were created for each IGR by using MEGA3 (26) . Prior to phylogenetic analysis, the polymorphic IGR sequences for each isolate were concatenated in the following order: spo0J-abcT1, RR0155-rpmB, RR0345-tolC, cspA-ksgA, RR1372-RR1373, and RR1240-tlc5. The nucleotide sequences of the homologous loci from R. conorii strain Malish 7 were obtained from the National Center for Biotechnology Information database and added to the analysis as an outgroup (GenBank accession no. AE006914) (28) . PAUP*4.0 (46) was used to perform a maximum parsimony analysis of a ClustalW alignment of the concatenated sequences, and 1,000 bootstrap replicates were used to estimate the likelihood of the tree. TreeView was used to visualize the resulting phylogenetic tree (31) .
Nucleotide sequence accession numbers. The nucleotide sequences for all IGR loci determined have been deposited in GenBank under the accession numbers listed in Table 2 .
RESULTS
An initial subset of five isolates was used to screen seven candidate variable IGRs for nucleotide polymorphisms. This subset consisted of isolates Bitterroot, Colombia, AZ-8, Hlp#2, and 364D. These isolates were chosen to provide samples from different geographic locations and vector associations to maximize the potential for detecting genetic diversity. Four loci (RR0155-rpmB, RR0345-tolC, cspA-ksgA, and RR1372-RR1373) exhibited genetic diversity during this screen and were chosen for further study. In addition, primer pairs designed by Fournier et al. for the molecular typing of R. conorii isolates (21) were analyzed for their usefulness in the typing of R. rickettsii isolates. These primers were used to amplify and sequence loci from eight isolates (AZ-8, Hlp#2, 364D, BSF Rab1, Hauke, Morgan, Panama2004, and PriceT), again chosen based on their geographic location, vector association, and the IGR sequence diversity detected using the a Size is based on the R. rickettsii Sheila Smith genome sequence from NCBI. NP, no product (a PCR product was not obtained from some or all isolates tested).
b The name of this primer was changed to more accurately define the IGR in R. rickettsii. In the cited text, it is named RC1137-tlc5. c This primer has been modified from the published R. conorii sequence to match the R. rickettsii Sheila Smith genome sequence. The underlined base is the modified base.
d Identification of these loci as IGRs was based on a preliminary annotation of the R. rickettsii Sheila Smith genome. The most current version of the annotation indicates that this region may in fact contain as many as three hypothetical coding regions. initial primers. Of the 27 Fournier primers tested, two IGRs (spo0J-abcT1 and RR1240-tlc5) exhibited sufficient diversity during the sequencing screen to warrant further study, while amplicons were not obtained for all tested DNAs for six other IGR primer pairs (Table 2) . Therefore, a total of 28 loci were screened (Table 2) , of which 6 were chosen for sequencing from all 38 isolates and were included in the genotypic and phylogenetic analyses. Of the 22 IGR loci sequenced in the screen but not chosen for further study, 7 loci had no nucleotide differences among the tested isolates, 6 loci exhibited sequence differences only in both 364D and Hlp#2, 1 locus exhibited differences only in 364D, and 1 locus exhibited differences only in Hlp#2. The remaining seven loci tested showed various amounts of diversity, but the isolates grouped together as seen for the six chosen loci.
To ensure that no polymorphisms were due to mistakes in the reference genome sequence, all six selected loci were resequenced from isolate Sheila Smith; these sequences were identical to the Sheila Smith reference genome sequence in GenBank.
Analysis of spo0J-abcT1 IGR. Two single nucleotide polymorphisms (SNPs) and two types of insertions were identified in the amplicons generated with the spo0J-abcT1 primer pair ( Fig. 1; Table 2 ). These genetic differences allowed for the separation of the isolates into four different genotypes (A1 to D1). Compared to the reference isolate Sheila Smith (genotype A1), all isolates except Sawtooth, Bitterroot, Lost Horse Canyon, and Morgan have a guanine-to-adenine transition at nucleotide 194 of the consensus amplicon, while isolate 364D (genotype C1) has a unique adenine-to-guanine transition at nucleotide 83 and a single base pair insertion at nucleotide 132. Isolate Hlp#2 (genotype D1) exhibited a unique sevenbase-pair insertion (GTATAAA) at consensus nucleotides 132 to 138.
Analysis of RR0155-rpmB IGR. Four SNPs and two insertion/deletion (indel) events, of two and seven nucleotides, were detected in the RR0155-rpmB amplicons ( Fig. 1; Table 2 ), allowing for the identification of five distinct genotypes (A2 to E2). Compared to Sheila Smith (genotype A2), all isolates except Sawtooth, Bitterroot, Lost Horse Canyon, Morgan, Brazil, Colombia, Panama2004, and Costa Rica (genotypes A2 and B2) have an adenine-to-guanine transition at nucleotide 170. Only isolates Sheila Smith, Bitterroot, Lost Horse Canyon, Morgan, and Sawtooth (genotype A2) have a seven-nucleotide deletion (CCTTGTC; consensus nucleotides 81 to 87). Isolate 364D (genotype D2) has two unique SNPs, a cytosine-to-thymine transition at nucleotide 158 and a thymine-to-cytosine transition at nucleotide 192, and it shares a third SNP, a thymine-to-cytosine transition at nucleotide 216, with Hlp#2 (genotype E2). A deletion of nucleotides 65 and 66 is also only found in isolate 364D. All Central and South American isolates are identical to each other (genotype B2).
Analysis of RR0345-tolC IGR. The RR0345-tolC amplicon had only two SNPs ( Fig. 1; Table 2 ), producing three genotypes (A3 to C3). The Hlp#2 amplicon (genotype C3) contains a thymine-to-guanine transversion at nucleotide 86, while isolate 364D has an adenosine-to-cytosine transversion at nucleotide 109 (genotype B3).
Analysis of the cspA-ksgA IGR. Four SNPs, a six-nucleotide indel, and a polymorphic polycytosine region were identified within the amplicons generated by the cspA-ksgA primer pair ( Fig. 1; Table 2 ), resulting in the identification of genotypes A4 to G4. Compared to genotypes A4 to E4, the amplicon from Hlp#2 (genotype G4) has the following four SNPs: an adenosine-to-cytosine transversion of nucleotide 179, a thymine-to-cytosine transition of nucleotide 220, an adenosine-tocytosine transversion of nucleotide 348, and a guanine-toadenosine transition of nucleotide 357. The 364D amplicon (genotype F4) shares two of these SNPs with Hlp#2: the transversion of nucleotide 179 and the transition of nucleotide 220, but not the others. Amplicons from all isolates except Sheila Smith, Sawtooth, Bitterroot, Lost Horse Canyon, and Morgan (genotypes A4 and B4) have a six-nucleotide insertion (AAT-TAT; consensus nucleotides 255 to 260). A polycytosine region consisting of 8, 9, or 10 cytosine residues is found for consensus nucleotides 270 to 279 of this locus. Amplicons from genotypes B4 (Bitterroot, Lost Horse Canyon, and Morgan), C4 (Colombia and all eight Arizona isolates), and F4 (364D) have 8 cytosines, while amplicons from genotypes E4 (84JG, Hino, OSU 83-13-4, OSU 84-21c, 76RC, and Hauke) and G4 (Hlp#2) contain 10 consecutive cytosines. The remaining 19 amplicons (genotypes A4 and D4) all contain nine consecutive cytosines. Genotypes C4 and E4 were distinguished from genotype D4 (the largest group of isolates, which included all Central and South American strains and most Eastern and Midwestern U.S. strains) only by the number of cytosines in the polycytosine region.
Analysis of the RR1372-RR1373 IGR. Only two genotypes (A5 and B5) were present in the RR1372-RR1373 amplicons ( Fig. 1; Table 2 ). Isolate 364D (genotype B5) contains a guanine-to-thymine transversion of nucleotide 36 and an adenosine-to-guanine transition of nucleotide 193.
Analysis of the RR1240-tlc5 IGR. Four SNPs and three indels were detected in the RR1240-tlc5 amplicons, resulting in genotypes A6 to E6 ( Fig. 1; Table 2 ). The Hlp#2 amplicon (genotype E6) had a thymine-to-guanine transversion at nucleotide 88, while the 364D amplicon (genotype D6) had two unique SNPs, namely, cytosine-to-adenosine transversions at nucleotides 147 and 255. All isolates except those with genotype A6 (Sheila Smith, Sawtooth, Bitterroot, Lost Horse Canyon, and Morgan) have a three-nucleotide insertion at consensus nucleotides 69 to 71 (ATA). The isolates with genotype B6 (all Central and South American isolates examined) can be distinguished from the remaining isolates (genotype C6) by a guanine-to-thymine transversion of nucleotide 131 in genotype C6.
Phylogenetic analysis. When the sequences of all six loci were concatenated and compared, the 38 isolates could be separated into nine genotypes. Maximum parsimony analysis of the concatenated sequences revealed the presence of five phylogenetic clades. Isolates 364D (unique at six of six loci analyzed) and Hlp#2 (unique at five of six loci analyzed) have unique genotypes both with respect to each other and compared to the other R. rickettsii isolates and were thus separated with great reliability (Fig. 2) . The largest clade, clade I, contains 27 isolates in three closely related genotypes, comprising the eight Arizona isolates, a small group of 6 isolates (84JG, Hino, OSU 83-13-4, OSU 84-21c, 76RC, and Hauke), and the remaining 13 isolates. Clade II contains two genotypes, comprised of isolates Sawtooth and Sheila Smith and isolates Bit- 
DISCUSSION
Fournier et al. examined the sequences of 52 IGRs and found only 4 that showed polymorphisms among 38 isolates of R. conorii subsp. conorii (21) . One of these IGRs failed to provide additional discriminatory power to the analysis and was excluded from the study. Utilizing the remaining three IGRs (15, 5, and 2 genotypes), Fournier and colleagues were able to identify 27 unique genotypes. Phylogenetic analysis of these sequences grouped the isolates into three clusters, two of which correlated well with the geographic distribution of the isolates. In 2004, Zhu et al. used the same technique to type isolates of R. prowazekii (49) . After analyzing 25 IGRs, only 2 contained nucleotide differences at the isolate level. These two IGRs contained only two SNPs, and one isolate exhibited a single 81-nucleotide repeat not found in the other isolates. Using these differences, Zhu and colleagues were able to identify four genotypes in a collection of 15 isolates. Two clusters were formed by phylogenetic analysis; however, no correlation between the phylogenetic groupings and the epidemiological characteristics of the R. prowazekii isolates was reported. However, another genetic method providing robust geographic groupings for R. prowazekii was recently developed (13a) .
In the present study, the genotypic analysis and the phylogenetic tree resulting from maximum parsimony analysis of the concatenated sequences of six IGRs divided the 38 isolates of R. rickettsii into nine unique genotypes and five phylogenetic clades. There is a strong correlation between the phylogenetic grouping of most of the isolates and their geographic origin (Fig. 2) With two exceptions, the genotyping system developed appears to associate specific genotypes with the different tick vectors of R. rickettsii. Among the eight isolates collected during a recent outbreak of RMSF in southeastern Arizona (14) , five were isolated directly from R. sanguineus ticks, including one (AZ-7) that was removed from a human, and the other three isolates were all recovered from clinical specimens taken from humans who suffered from RMSF and were associated epidemiologically with R. sanguineus (15) . Of the 20 isolates placed into genotypes 2 and 3, 13 were isolated from human RMSF patients from Ohio, Virginia, North Carolina, Maryland, Georgia, Nebraska, and Oklahoma. Twelve of these are thought to be associated with the tick D. variabilis because of where the patients resided when they became infected. The records for one of these patients mention that one D. variabilis tick was removed from the patient in the hospital. The three R. rickettsii isolates collected from animals in Virginia (vole, opossum, and rabbit) also have the same association based on tick habitat ranges and the collection of D. variabilis ticks from these sites (14, 44 (19) . It is thought that the most likely vector of R. rickettsii in these regions is a member of the genus Amblyomma, with most evidence pointing to A. cajennense or A. aureolatum (23, 37, 42) .
Since the initial isolations of Hlp#2 and 364D, these iso- (35) . Early serological work by Philip et al. determined that while it is closely related to R. rickettsii and Hlp#2, 364D is actually a different serotype from both (35) . Later work showed that this isolate exhibits low virulence in a guinea pig model, has cytotoxicity in Vero cells, and kills chick embryos in 4 to 5 days after yolk sac inoculation (36) . It has been suggested that 364D may also cause disease in humans, since analysis of convalescent-phase sera from patients in California thought to have RMSF showed specific antibodies to 364D serotype antigen (27) .
Our data argue for a strong species or subspecies differentiation between Hlp#2 and 364D and between these two isolates and the other R. rickettsii isolates tested. Neither genotype has been isolated from patients manifesting symptoms of spotted fever. For five of the six loci analyzed for all isolates used in this study, Hlp#2 exhibits a genotype that is unique from all other isolates tested, while 364D exhibits a unique genotype for all six loci. There is high bootstrap support for an early divergence of both Hlp#2 and 364D from the other isolates (Fig. 2) . When all 28 IGR loci were included, 364D had 15 unique sequences while Hlp#2 had 14 unique sequences. At three additional loci, 364D and Hlp#2 shared a sequence that was different from those of all classical R. rickettsii isolates tested. Additional genomic analysis of isolates of serotypes 364D and Hlp#2 is being done to determine if this strong differentiation of Hlp#2 and 364D isolates really indicates that they are novel subspecies lineages within the species R. rickettsii or if they should be reclassified as novel rickettsial species that are closely related to R. rickettsii (20) . This distinction will be important because it will help to define whether these isolates are not isolates of R. rickettsii and do not need to be treated as select agents in the United States.
